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(Statement  A) 
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IHPRPT  Roadmap 
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6.2  Objectives 


*  Develop  tools  to  predict  the  effect  of  injectDr  design 
changed  on  liquid  rocket  performance. 

*  Provide  fteodble,  low  cost  screening  of  candidate 
injeckx' designs. 

*  Reduce  film  cooling  regukements  without 
saotftoing  combustion  ch^ber  lifetime  or 
reliability. 
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The  Problem 

*  Combustor  designers  are  unable  to  adequately 
predict  whetfier  ail  design  criteria  will  be  satisfied. 


*  Problems  not  discovered  until  full  scale  testing  tend  to 
be  extremely  expensive  to  fix,  and  usually  require 

sacrffictng  engine  performance*  and/or  lifetime.* 


*  Most  past  engine  development  prograns  have 
encountered  8ui±  problems. 


*IHPRPT  goals 
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Required  Injector/Combustor  Characteristics 


Complete  combuston  in  the 
shorted  possible  length 

•  Wtain  injectors:  performance 
ws  wei^  tradeoffs 

•  Prebumefs/GG's: 
downstream  component 
intef»dions,  eg,  turbine 
blades,  etc 

Acoustically  stable 

•Chamber  modes 

•  Feed  system  coupling 
Chamber/waii  compatibility 

•  Heattransferfeooiing 

•  Oxygen  biandiing 


Minimize  presswe  drop 
Throttling 

ignitable;  rrunimum  ignifion 
transients 

Cost,  weight 
The  llities:’' 

•  Reliabiyty 

•  MauTt^nabiSty 

•  ManufacturabiUty 

•  Ourabllity 

•  Operability 
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Technical  Approach 

*  Develop  design  guidance  at  the  subscale  level.  Use 
data  to 

—  Develop  models. 

— Anchor  codes. 

—  Screen  candidate  deigns. 

•  Assess  the  direct  imp^  of  design  on  relevant 
parameters  (e.g.,  mixing)  via  windowed  access,  as 
appropriate. 


mfuMniat 


capable  (1500-2000  psO- 


Air  Fwce  Research  LaboratoryjAFRL 

Payoffe 


*  PetfomancK  Injector  related  design  mcertainties  tranaiate  to  3-6  sec  Isp 
on  a  twosta’  dase  LOX/H2  enj^ne. 

*  Comparison;  IHPRPT  2010  tsp  objecUve  Is  13.5  sec. 

*  3-6  sec  Iso  buys  1.6-  3.3  tons  oavload  on  the  Space  Shuffle  Main 
Engine  (SSM^  worth  $20-40M  perinmch. 

*  OoafBbtltv  and  IMtiim:  Injector  related  performance  deficit  required 
SSME  turbopumps  to  be  run  at  105%  rated  power,  Increasing  pump 
stress. 

•-  Pumps  are  the  most  expensive  SSME  maintenance  item. 

■  Turt>.  blade  cracking  problem  is  also  probably  ir^  related. 

*  Instatiliv:  Injector  related  Saturn  F-1  instability  problem  required  aw 
800  M  scale  tests  to  solve. 

*  Present  day  costs:  over  $750K  per  test  Total:  $600  tidllion. 

Triat-and-error  aoixoaches  risk  significant  cost  overruns 


that  can  no  lonaer  be  afforded 


Subscale  hot  fire  facility 


Fncl  B2(e),CH4(^ 

Oxiifixer  02(s) 

Pursege  N2(;^Be(d 

HZnassflownte  .151iH/s(^Ks^s> 

CH4  MM  flow  rate  JiS  1I»l/s  (.11  Kg/s) 

02  Maatll<mnto  1.0  Ibm/sUSKg/s) 

N2  mass  Hear  rate  .5  IIm/s  Kg/s) 

Water  0aw  rate  10  Ibrn^  (7  K^) 

Max.  systeM  press.  2040  pd.  (179  iri») 

Data  acgotstelcn  and  control 
VXI  bBs»  aced  to  Poww^C  with 

48MB  BAM  and  epltod  diive. 

HP14i3B  04€lt  lOOhQsflcaiiiiiiig  A/D  board 
wito  ai^tal  cMsdllioaliigModid 
XeldiMlx  10  di  2Q<Sk& /di  ixiar^ 

VX4353  32di  SPST  relay  switch  card. 
Opdq 

20k£EK,  20W  Ca  vapw  laser, 
tonova  4W  and  10 W  Argon  Ion  lasm. 
li^.  saed«  2  pise  Yag<1.5Jat  1064  am) 
Candmnai  NDOOOO  laser. 

Prina  Inst  aito  Stented  gated  CCB  cams, 
bdlmty  and  Qnester  nicroscx^icsL 

Aanmetelca  Z^omp.  PDPA. 


Opticaiiy  Accessible  Rodeet 
Enaine 


Gas/Gas  mgine.  SimHarto  Penn  ^ate  OpiicaOy 
Accassibla  Engine 

-  H2  aiel,  02  o)ddizer.  Capability  for  other  ^els. 

FY99  AccofnpHshments 

-  Demonstrated  succaastol  firing. 

-  Began  heat  tians^  analysis  to  prepare  for  insertion  of 

vieMng  wmdows. 

-  hteat  transfer  work  suspended  to  prepare  for  PORE 
testing. 


ha 

■  '} 

*  '  J 

-  ;l  1 

FYOO  Tasks 

Complete  heat  transfer  anaiysfe 

-  Raman  Imaging  of  chamber  to 
compare  wkh  Penn  State  resuts. 

-  Biasing  of  02  {(Rector. 
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HFTF  Upgrades  in  1999 

•  Replaced  stainiese  steel  tubing  and  fittings  in  60X 
system  with  monel 

•  GOX  system  cleaned  by  NTS 

•  Installed  filters  in  ail  systems 

•  Acquired  parts  for  hydrocarbon  system 

•  Acquired  altitude  dianber 

•  Improved  data  transfer  rates  with  Ethernet  switch 

•  Improved  flexibility  of  Abort  System  Software 

•  Upgraded  main  control  computer  to  Mac  G3 

Planned  for  2000 

•  Complete  liquid  hydrocarbon  system 

•  Procure  and  Install  LOX  system 


Single  element  cold  flow 
pressure  facility 


GftS  gmrnl^ntji 
T.iqnift  gttmylflni 

Wini^ow  Purge  gas 
N2  mass  flew 
Be  mass  flow  rate 
mass  flow  rate 
test  ait.  j^ress. 
Max.  Foci  snn.  press. 
Max.  Ox  stm.  press. 


N2(g).He(^ 
H20(1),  cdiezs 
N2(gXHe(g) 
.20Ihm/8(.09:Kg/s) 
.20lhm/8<.09S:g/8) 
4.0  !hm/a  (X.S 
2000i>8i<136atiii) 
3000 paL  <204^) 
3000 psL  (204  atm) 


Wmdowed  test  duouberwiifi  5.5^  (14  cm)  of 
axial  irgectortravd.  and  a  lineartraislabing 
injector  stage  widi  5^  (13  Gm)tatalradiid 
travel  inside  ohambo:. 

Ability  to  rnmulatf  e  tnanifdld.  cross  velocatiesto 
30  ft/s  (9.1  m/8). 

27  ted^e  traversaUe  mechartical  pattenwtor 
Hiase  Doppler,  Malvem,  oHier  dugnostics 
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High  Pressure  Cold  Flow  Facility 
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Automated  Patternator  System  FY99 


Spray  mass 
distribuiion  Is  criticai 
to: 

•  propellant  mbdng 

•  combustion 
efficidney 

•  wall  compatibility 

New  system  greatly 
increases  speed  at 
which  spray  mass 
distribution  data  can 
be  collected. 
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Past  Systems  Supported  by  Cold  Flow 

Facility 

SSME  hot  gas  manifold  model 
Fastrac  main  Injector 

SSME/RLV  prebUrilef  Injector  Comparison 
Proprietary  A 

SSME  prebumer  post  bias  tests 
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FY99  Accomplishments 

•  PDPA  small  probe  volume  development 

—  2 ILASS  and  2  Atomization  and  Sfzrays  puMications 

•  SSME  post  biasing  studies  (with  Rocketdyne). 

—  ^th  JPG;  JoamaiofProp-.  and  PW: 

•  Propnetafy  B 

•  Orifiae  hydrauiibs  s&jdy, 

—  Atomization  and  Sprays 

•  Low  cost  injector  study  (partly  proprietary). 

•  Automated  Pattemator  upgrade. 

•  3405  psi  fluid  pressure  upgrade: 
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The  Effects  of  LOX  P<»t  Biasing  on 
SSME  injector  Wali  Compatibiiity 

AIAA  $9-2^ 

P.  A.  Strakey  and  D.  G*  Talley 
Air  Force  Research  Laboraioryj  Edwards  AFB  ^  GA 

L.  K.  Ts^g  and  K.  L  Miner 

Rocketdyae  &  Powef,  The  Bodng  Company, 

Canoga  Fade,  CA 


3^AIAd/ASME^AE/ASEEJc>mPf‘cipul!;ibfi  CdH^dfumti  amdEJihibB 


«  Air  Force  Research  LaboraforyjAFRL  '  '  . . . 

Motivation 

•  High  eflEwaeny  engines  require  high  chamber  pressure  and 
throughput 

•  Problems: 

=  03ridativ&  Attack  (LOX) 

•  Wall  protection  mediods; 

~  FilmCbdO^ 

-  Mxtwe  Ratio  Biasmg 
~  LOX  Post  Biasmg 

•  The  result  is  Isp  loss  due  to  MR  non-uniformity  in  Ihe  en^e. 

»  Goal ;  Provide  a  detailed  understanding,  throng  cold-flow 

shnulations  of  the  eflfects  of  LOX  post  biasing  on  the  liquid  and 
gas  phase  distribution  near  a  wall. 


35^  ALiA/ASME/SAE/ASEE  Joint  Propulsion  Coitferehcls  and  Exhibit 
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Mixture  Ratio  Profiles 

•  Mixture  ratio  distributi<Ki  is  “shifted”  away  from  the  wall 
with  LOX  post  biasLug. 

*  The  ^lift  is  due  to  a  combined  result  of  die  displacement  in 
liquid  distribudon  away  from  the  wall  and  an  increase  in 
gas  flow  on  the  wall  side  of  injector. 


n 

i 

i 


40  36  30  25  20  15  ia  5 
Distance  Prem  WbA  (mn^ 


Distance  Ftnm  WUl  <mm) 


55*  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit 
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Heat  Flux  Analysis 

*  Gas-Gas  studies  have  shown  a  similitude  between  cold-flow 
data  and  hot-fire  data  at  equiv^ent  residence  times. 

*  For  the  SSME,  tF=l  ms,  approximately  equivalent  to  the  5 1 
mm  cold-flow  data. 


q”xV<>-S*Tg 
Tg=fl[MR) 
AsVt  Tg4. 


oj)  0^  0.4  ojs  ae  i.o  1,2 

Biasing  (mm) 

55*  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Cotter ence  and  Exhibit 


ISP  Lose  (s) 
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Performance  Analysis 

•  ISP  loss  for  SSME  (Bias=0.48  nnn)  between  0.3  and  0.6  s. 

•  Aq’VAIsp  optimued  at  a  Bias  between  0.25  and  0.48  mm. 


0.0  0.2  0.4  0.6  0.8  1.0  1.2 


LOX  Pod  Bias  (mm)  LOX  Post  Bias  (mm) 


SS^AIAA/ASAdE/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit 
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Conclusions 

•  LOX  post  biasing  leailts  in  displacement  of  liquid  flow 
away  from  the  wall,  and  higher  gas  vdodty  near  waU.  Net 
result  is  a  decreased  MB.  near  the  wall 

•  1^  loss  increases  with  increasing  LOX  post  bias. 

•  Some  reduction  in  bias  could  recover  a  small  ammiot  of  Isp, 
while  still  providing  adequate  wall  protection. 

•  Optunizatian  carves  can  aid  injector  designers  in  choosing  a 
level  of  biasing. 

•  Droplet  dze  should  not  play  a  large  role. 


55**  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Corference  and  Exhib'U 
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Planned  for  FYOO 

*  Extend  post  biasing  studies  to  hot  fire 

—  Reproduce  and  extend  Penn  State  gas/gas  coax  data 

*  Duplicate  hardware  checkout  initiated  in  i=Y99  but  cSscontinued 
to  support  PDRE  work. 

*  Raman  measurements  to  be  attempted  dosa'  to  the  injector 
face. 

—  Develop  GOX  post  bias  data  for  code  anchoring 

*  Facility  upgrades*  liquid  hydrocarbon  and  LOX 
capability 

*  Low  cost  injector  design  studies  (proprietary) 

*  High  pressure  impinging  injector  measurements 
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Summary 

*  strategic  vision 

-  Provide  design  guidance  before  committing  to  full  scale 
hardi/are.  Reduce  triai-and-errar  expenses. 

*  Unique  facilities 

-  Cold  flow,  hot  fire  and  supercritical 

-  High  pressure,  opticatly  accessible 

*  Relevance 

-  Shortterm:  f^oblem  turnaround  on  industry  time  scales 
(e.g.,  morOhs) 

-  Long  term:  Validated  models  will  apply  universally. 

*  Accomplishments 

-  Numerous  real-world  engines  impacted. 

-  Num&rous  other  metrics  accomplished  (publications, 
awards,  tech  transfer,  efc.) 


